The current distribution of the bighorn sheep in Mexico represents a reduced proportion of its original area. Previous population genetics studies conducted in Mexico have only included data from Tiburon Island in the Gulf of California and few individuals from the continent. The aim of this article was to describe aspects of the population genetics of Mexican bighorn sheep in order to aid in the management and conservation of the species. We analyzed 117 samples from the states of Sonora and Baja California Sur using 91 intersimple sequence repeat loci. Our results indicated that the Mexican samples of bighorn sheep have relatively low levels of genetic diversity (H ≈ 0.26) and low genetic differentiation (θ ≈ 0.07) that may be the result of the recent colonization and origin of the populations in Mexico. The individuals from Southern Baja California are genetically different from the Sonoran sample, but this genetic differentiation is low, perhaps due to the low levels of genetic variation of the Mexican populations. The results obtained in this study are relevant for population management of the bighorn sheep in Mexico in order to design translocation plans and management strategies to maintain genetic diversity and, in consequence, the health and future survival of the populations.
The current total population of bighorn sheep (Ovis canadensis Shaw 1804, Bovidae ; Shackleton 1985) is approximately 33,000 individuals distributed across North American mountain ranges, from southwestern Canada to northern Mexico (Buechner 1960; Sandoval 1985; Smith and Krausman 1988; Lee 1989; Festa-Bianchet 1999 , 2008 Valdez and Krausman 1999) . Nevertheless, the current populations represent only approximately 4% of the original distribution of the species (Buechner 1960; Ceballos and Oliva 2005) . This reduction is attributed to habitat destruction and modification resulting from urban growth, the development of highways, increased competition for resources with humans and livestock, and diseases propagated from domestic sheep, goats, and cattle (Buechner 1960; Smith and Krausman 1988; Monson and Lowell 1990) .
In particular, the historical distribution of the bighorn sheep in Mexico comprised 3 main areas, the Vizcaíno Desert on the Baja California peninsula, northern Sonora and Baja California, and from northern Chihuahua to Coahuila (Sandoval 1985; Ceballos and Oliva 2005; Medellín et al. 2005 ; Fig. 1A ). However, the bighorn sheep populations from the Mexican states of Chihuahua, Coahuila, and Nuevo Leon were eradicated in the last century, and the remaining populations in other areas of Mexico are highly fragmented and have low population numbers (Sandoval 1985; Smith and Krausman 1988; Ceballos and Oliva 2005) , although currently the Sonora and El Vizcaino populations are reported to be stable (Lee 1997 (Lee , 2003 .
Recently, a number of ranches called UMAs (Unidad de Manejo para la Conservación de la Vida Silvestre, for sustainable management and conservation) and PIMVS (Predios o Instalaciones que Manejan Vida Silvestre, only handling animals in captivity without reintroduction of individuals to wildlife), designated by Mexican law, have increased the total number of individuals of the species (Secretaría de Medio Ambiente Recursos Naturales y Pesca [SEMARNAP]/Instituto Nacional de Ecología [INE] 2000; Secretaría de Medio Ambiente Naturales [SEMARNAT] 2013) . Nowadays, the legal hunting activities in Mexico are primarily conducted in the states of Baja California Sur and Sonora, while in the state of Baja California Norte, hunting has been banned intermittently since 1917 until the early 1990s, when it was definitively banned (Mellink 1993; SEMARNAP/INE 2000; Medellín et al. 2005) . However, poaching has overwhelmed the law enforcement capabilities of Mexican federal and state conservation agencies, thereby representing an additional threat to bighorn sheep populations (Franklin 1980; Medellín et al. 2005) .
The population and conservation genetics (Frankel and Soulé 1981; Nei 1987; Frankham et al. 2010 ) of bighorn sheep have been described in different studies (Gutierrez-Espeleta et al. 2000 , 2001 Whittaker et al. 2004; Epps et al. 2005) . Some studies have included samples from the Tiburon Island in the Gulf of California, in Mexico, and a few individuals from the mainland (i.e., Montoya and Gates 1975; Ramey 1995; Hedrick et al. 2001; Abad-Zavaleta et al. 2011; Gasca-Pineda et al. 2013) . The aim of this article is to describe aspects of the population genetics of Mexican bighorn sheep. This information is relevant for the management and conservation of the species, since it is important to integrate the genetic population data into programs in sustainable management and conservation in order to make more effective decisions on the long-term conservation of gene pools of organisms (Franklin 1980; Frankham et al. 2010) . We analyze samples from the states of Sonora and Baja California Sur, Mexico, using intersimple sequence repeats (ISSRs) as molecular markers (Zietkiewics et al. 1994; Tsumura and Strauss 1996; Nagaoka and Ogihara 1997; Wolfe and Liston 1998; Bornet and Branchard 2001) . ISSRs have been used recently in several studies of genetic diversity and structure in different artiodactyls and other mammals (Kol and Lazebny 2006; Machkour-M'Rabet et al. 2009; Pashaei et al. 2009; Antunes et al. 2010; Aytekin et al. 2010; Al-Otaibi and Fahmi 2011; Askari et al. 2011; Zamani et al. 2011) . Our results indicate that natural populations of bighorn sheep in Mexico exhibit relatively low levels of genetic diversity and low genetic differentiation, patterns that can be the result of the relatively recent colonization and origin of the populations.
Materials and Methods
Description of sampling site.-Samples were collected from both wild and captive populations in the states of Baja California Sur and Sonora (UMAs or PIMVS; Figs. 1B and 1C) as part of the Recuperation Program of Mexican species (SEMARNAP/INE 2000) and hunting activities. In total, we obtained 117 samples from muscle, liver, and hair. The samples were originally labeled according to their geographic origin and whether they came from wild or captive populations. The 117 individuals were thus divided into the following groups: Captive Sonora (CS; n = 49), Wild Sonora (WS; n = 29), and Wild Baja California Sur (WBCS; n = 39; no captive populations from Baja California Sur were analyzed). The founder individuals of the captive populations were all obtained from adjacent wild populations in the same area. There are no records of translocation of founding individuals from geographically distant populations (Florentino Chillopa, Dirección General de Vida Silvestre-SEMARNAT, pers. comm. August 2014).
Muscle samples were retrieved from 77 mandibles following the hunting seasons of 1998-1999 and 2007-2008 (29 for the 1998-1999 and 88 for the 2007-2008 season) , collected by the Federal Delegation of SEMARNAT in Sonora and Baja California Sur. Jaws were separated by removing individual antlers, dried in the sun, and stored in paper bags to keep them dry and prevent contamination. The procedure was the same for both seasons. The mandibles were collected in individual plastic bags and sent to our laboratory for further processing. The liver samples (n = 14) were obtained by the Dirección General de Vida Silvestre (SEMARNAT) during the 2007-2008 hunting season. These samples were stored at −80°C, until further processing. Twenty-one hair samples from captive bighorn sheep were collected by the state of Sonora wildlife office (Área Técnica de la Dirección Forestal y Fauna de Interés Cinegético) in 2008. An additional 5 hair samples from captive individuals were provided by the State of Sonora as part of the Programa de Restauración de Borrego Cimarrón en Coahuila-CEMEX, also in 2008. Hair samples were collected in paper envelopes and stored at −80°C until used. All our samples were obtained by government officials from animals that were hunted. No animal was harmed for the specific purpose of this study. We utilized samples of animals that were hunted for other purposes (Sikes et al. 2011) .
DNA extraction.-DNA extraction methods were modified to accommodate the specific requirements of each tissue type. In the case of the muscle tissue, we employed 2 different methods of DNA extraction, as follows: 1) modified phenol-chloroform DNA extraction based on Higuchi et al. (1988) and 2) a DNA extraction kit (Qiagen, Dneasy, Qiagen Co., Austin, Texas). In addition to the methods described in each of the respective protocols, we washed and hydrated the samples with phosphate buffered saline solution (NaCl 170 mM, KCl 3.35 mM, Na 2 HPO 12.7 mM, KH 2 PO 4 2.20 mM, pH 7.4). In the case of liver and hair samples, DNA extraction was performed using a commercial kit (Qiagen, Dneasy) following the manufacturer's instructions.
Extracted DNA was visualized on 1.5% agarose gels stained with ethidium bromide (1 mg/l) using Tris-borate-EDTA buffer. DNA concentration was quantified using a biophotometer (Biophotometer AG 22331, Eppendorf, Hamburg, Germany) and was adjusted to 25 ng/μl.
Polymerase chain reaction amplification.-DNA amplification was performed using 4 primers targeting the ISSRs (Invitrogen Custom Primers, Invitrogen, Carlsbad, CaliforniaBornet and Branchard 2001), as follows: 841 (5′-GAG AGA GAG AGA GAG AYC-3′), 857 (5′-ACA CAC ACA CAC ACA CYG-3′), BCI (5′-CAC ACA CAC ACA CAC AAG-3′), and BCII (5′-CAC ACA CAC ACA CAC AGG-3′).
Amplification was conducted according to the following conditions: for primer 857, 1 mM MgCl 2 ; 841, BCI, and BCII, 2.5 mM MgCl 2 ; dNTPs, 0.1 mM (Invitrogen); ISSR primers, 0.4 μM, Taq polymerase, 2 units per volume of reaction (Amplificasa, Mexico City, Mexico), DNA tempered at 1 μl (25 ng/μl) and gauged to 25 μl with sterile water (Sigma Chemicals, Saint Louis, Missouri). Polymerase chain reactions (PCRs) were performed in a thermocycler (GeneAmp PCR System 2700, Applied Biosystems, Foster, California), using the following protocol: 94°C for 2 min initially, then 35 cycles of 30 s at 94°C, 45 s at 56°C (857), 48°C (841), or 52°C (BCI and BCII), 2 min at 72°C, and a final 2-min extension time at 72°C. PCR products were analyzed by horizontal electrophoresis (Horizon 20·25 Life Technologies, Gibco BRL Horizontal Gel Electrophoresis Unit, Paisley, Scotland) in 2% agarose gels (Ultrapure Agarose, Invitrogen) stained with ethidium bromide (1 mg/l) using a 100-bp molecular weight ladder (Invitrogen) and photographed using a Gel Logic 100 Imaging System (Eastman Kodak Company, New Heaven, Connecticut). The bands weights were determined using the Kodak 1D version 3.6.3 software (Pizzonia 2001) .
Diversity and genetic differentiation.-A matrix of the presence and absence of each detected band (locus) was constructed. This matrix was used to estimate the allelic frequencies of the amplified loci based on recessive alleles (q), considering that the populations are in Hardy-Weinberg (H-W) equilibrium (Hedrick 2009 ). Estimates of the allelic frequencies, genetic diversity (H EHW ), and proportion of polymorphic loci (%P) were estimated with TFPGA 1.3 (Miller 1997) . To estimate the genetic differentiation of bighorn sheep groups, we calculated the coefficient of coancestry (θ- Weir and Cockerham 1984) , an F ST analog, calculated according to Weir and Hill (2002) , again with TFPGA 1.3 (Miller 1997) .
We also estimated the F′ statistics and genetic diversity (H EB ) using a Bayesian approach that does not require H-W equilibrium assumptions, implemented in Hickory 1.1 (Holsinger 1999; Holsinger et al. 2002; Holsinger and Lewis 2003; Holsinger and Wallace 2004) . The 3 models available were employed (full, f = 0, and θ B = 0-Holsinger and Lewis 2003), and, using the deviance information criterion (DIC) comparison created by Holsinger et al. (2002) and Hellinger distance (H-d), we defined the best model for our data. DIC is a summary statistic for the 3 models (Holsinger and Lewis 2003) . H-d is the distance between the posterior distribution and the beta distribution, and it is interpreted as the percentage of nonoverlap between the posterior distributions of the simulations. If H-d = 0, the simulated distributions are identical, while if H-d = 1, the distributions are completely different, without any overlap (Holsinger and Wallace 2004) . The Hickory analyses were performed using 500,000 Markov chains (MCMC), a set burn-in of 50,000, and a thin of 100 for each case.
In order to obtain a better understanding of how the groups are structured, an analysis of molecular variance (AMOVA) was performed using Arlequin 3.5 (Excoffier et al. 1992; Schneider et al. 2010 ). This algorithm, unlike F ST , identifies the subgroup hierarchical structure and does not require the a priori assumption of H-W equilibrium (Excoffier et al. 1992) . Each group was randomly divided into 2 subgroups with the analysis performed on each. On the other hand, to evaluate the genetic distance between groups, we used the Nei's (1972) standard genetic distance (D) via TFPGA 1.3 (Miller 1997) .
Finally, a Structure v2.3.4 (Pritchard et al. 2000) genotypic assignation with Bayesian methods was conducted (Pritchard et al. 2000; Falush et al. 2003 Falush et al. , 2007 , with the following settings: the analysis was run under an admixture model with 500,000 MCMC, a length burn-in period of 150,000, and a range of possible clusters (K) of 1-6, with 25 simulations per K. The most likely number of clusters was determined using the modal value of ∆K as recommended by Evanno et al. (2005) .
Results
Genetic diversity and differentiation.-In total, we were able to amplify 91 loci with 4 ISSR primers: 857 (27 loci), 841 (23 loci), BCI (23 loci), and BCII (18 loci).
The genetic diversity across the total sample, using an H-W equilibrium approximation, was H EHW = 0.262 and %P = 85.71, and WS was the group with the lowest genetic diversity; the values for each group are shown in Table 1 The Bayesian estimate of H EB was very similar to the H EHW estimate, where H EB(TOTAL) = 0.265 (SD = 0.003). Similarly, the WS group had lower genetic diversity. The genetic diversity using this estimate for each group is also shown in Table 1 .
The differentiation among the 3 groups was low, as measured with the coefficient of coancestry θ = 0.071 (SD = 0.0034). The most similar groups were CS and WBCS at θ = 0.066 (SD = 0.00109); the estimates of θ between paired comparisons are shown in Table 2 . The Bayesian estimate of θ following a Bayesian procedure was slightly lower at θ = 0.062 (SD = 0.009).
Genetic distances (Nei 1972 ) calculated between pairs of groups suggested that the most similar groups are CS and WBCS (SD = 0.0295), which corroborates the results for genetic structure. The rest of the paired comparisons is shown in Table 2 .
AMOVA (Table 3) showed that genetic variation is distributed mostly within each group (88.89% of variation), while only 11.11% is due to differences among groups (Table 3) .
Structure analysis.-The Structure program determined 2 genetic groups that in general terms do not correspond to a geographic or management classification. In other words, the algorithm does not detect any obvious differentiation, in accordance with the low genetic structure described above. The 1st cluster included 39 individuals that mostly corresponded to samples from Sonora (WS, n = 13; CS, n = 17; WBCS, n = 9). The 2nd cluster comprised 78 individuals, distributed as follows: WS, n = 14; CS, n = 32; and WBCS, n = 32.
Discussion
The results indicate that the bighorn sheep in Mexico exhibits relatively low levels of genetic diversity and low genetic differentiation; in the following paragraphs, we discuss these results in detail.
ISSRs are considered reliable genetic markers that allow a large number of loci in many organisms to be easily evaluated and are useful to detect genetic patterns that can be the result of relatively recent colonization and origin of the populations. ISSRs have proven to be efficient in analyses of the levels of genetic differentiation and diversity in mammals and other organisms (Machkour-M'Rabet et al. 2009; Antunes et al. 2010; Aytekin et al. 2010; Al-Otaibi and Fahmi 2011; Askari et al. 2011; Zamani et al. 2011) .
Although there is a relatively large body of literature on the genetics and conservation of the desert bighorn sheep (Boyce et al. 1996 (Boyce et al. , 1999 Luikart and Allendorf 1996; GutierrezEspeleta et al. 2000 GutierrezEspeleta et al. , 2001 Whittaker et al. 2004; Epps et al. 2005; Gasca-Pineda et al. 2013) , there is little information on the continental populations from Mexico, as most studies have included individuals from the United States or Tiburón Island population and a few Mexican continental individuals (Ramey 1995; Hedrick et al. 2001; Gasca-Pineda et al. 2013) . Our study is one of the first to describe the diversity and genetic structure of the species in Mexico on a continental scale.
Our estimates of genetic diversity using standard H-W (Miller 1997 ) and a Bayesian approach (Holsinger 1999) were similar (0.262 and 0.265, respectively, with 91 loci). Genetic diversity in the Mexican groups of bighorn sheep indicated low levels of genetic variation when compared to other wild mammal species using ISSRs (Kol and Lazebny 2006; Pashaei et al. 2009; Aytekin et al. 2010; Al-Otaibi and Fahmi 2011; Askari et al. 2011; Zamani et al. 2011) . For instance, in the caribou (Rangifer tarandus), H E is almost 3 times higher (0.73-0.74, 71 loci- Kol and Lazebny 2006) , and even in the endangered oryx (Oryx leucoryx), H E is still higher (0.36 and %P 50-100% with 89 loci-Al-Otaibi and Fahmi 2011). In contrast, low levels of genetic variation have been found in water buffalo populations (H E = 0.27 and %P 25-100% with 11 loci- Aytekin et al. 2010) ; these populations have suffered a severe decline in size and are affected by many external factors and human handling (Aytekin et al. 2010) .
In addition, the detected levels of genetic variation in the Mexican bighorn sheep populations are higher than Table 1 .-Estimates of genetic variation obtained across all samples and for each group: Captive Sonora (CS), Wild Sonora (WS), and Wild Baja California Sur (WBCS). n = sample size, H EHW = expected heterozygosity assuming Hardy-Weinberg equilibrium, %P = percentage of polymorphic loci calculated with 95% CI, and H EB = expected heterozygosity using a Bayesian approach (see text). Zamani et al. 2011 ). In the case of domestic species, the low levels of genetic diversity may be due to the domestication process, involving reproductive isolation, captivity and human handling, selective processes, and genetic bottlenecks. On the other hand, in populations of bighorn sheep in other sites (Canada and the United States), low levels of genetic diversity have been reported in most studies, especially in places where there is human disturbance. Populations that have shown relatively high levels of genetic diversity are those that have adopted better planned handling strategies (Ramey 1995; Boyce et al. 1996 Boyce et al. , 1999 Gordon and Allendorf 1996; Gutierrez-Espeleta et al. 2000 , 2001 Whittaker et al. 2004; Epps et al. 2005) . The low levels of genetic diversity found in the Mexican bighorn sheep samples could be due to a combination of recent colonization events (Smith and Krausman 1988; Lee 1989; Festa-Bianchet 1999; Valdez and Krausman 1999) and concomitant bottlenecks of the populations (approximately 12,000 years ago- Lee 1989) . Surprisingly, the captive group (CS) showed higher levels of genetic diversity than the other 2 groups of Sonora and Baja California Sur (WS and WBCS). This may be due to the origin of the founder individuals of this group, which may have come from different areas or from populations that were very rich in genetic variation (see below).
Our results suggest that southern populations of bighorn sheep in Mexico have lower levels of genetic diversity than populations further north. This pattern is consistent with the proposal that the oldest populations in the north have more genetic diversity than peripheral populations in the south (Eckert et al. 2008) . Accordingly, the present estimates of genetic diversity were lower than those reported for populations in Montana, Idaho, Wyoming, Colorado, Arizona, and the Rocky Mountains (H ≈ 0.3350-0.7420- Boyce et al. 1996; Gordon and Allendorf 1996; Gutierrez-Espeleta et al. 2001) . Further to the north, populations from Alaska also showed higher levels of genetic diversity than Mexican populations. Likewise, the Canadian population of Ovis dalli has high levels of genetic diversity, ranging from H ≈ 0.54 in British Columbia (Worley et al. 2004) to H ≈ 0.66 in Alberta (Gordon and Allendorf 1996) . Nevertheless, it is interesting to note that the levels of genetic diversity found in the Mexican populations were higher (H = 0.2623) than those reported by Ramey (1995) for populations in California, Nevada, Arizona, New Mexico, and Utah (H ≈ 0.0203), but it is important to point out that Ramey (1995) used mitochondrial genetic markers that behave differently than ISSRs.
The genetic differentiation among the 3 defined groups in our study was low (θ = 0.0709; F ST = 0.0627) when compared to studies conducted in related but domesticated species (sheep, cattle, and goats) using ISSRs (average F ST = 0.3615- Askari et al. 2011) . AMOVA also indicated that the largest proportion of variation occurred within the populations (88.89%), whereas the variation among groups represented only a small proportion (11.11%). This low differentiation may be due to recent colonization of the wild populations and to the recent and mixed origin of the captive groups (Smith and Krausman 1988; Lee 1989; Festa-Bianchet 1999; Valdez and Krausman 1999) .
The genetic structure observed among Mexican groups (0.0295-0.0863) was significantly lower than that observed among northern populations. This pattern is consistent with the more recent origin of the Mexican populations, for which not enough time has elapsed for a tangible structure to develop. Compared to the populations studied here, populations from California, Nevada, Arizona, New Mexico, and Utah showed higher levels of genetic structure (N ST ≈ 0.4970/F ST ≈ 0.5990-Ramey 1995; Boyce et al. 1999) . Accordingly, populations further north also showed high levels of genetic structure (Montana, Idaho, Wyoming, and Colorado: The pairwise theta and Nei's genetic distance comparisons (D) showed that the WS and WBCS groups were the most different (θ = 0.0863, D = 0.0371; Table 2 ), as could be expected from their spatial isolation. In contrast, the most similar groups were the CS and WBCS groups (θ = 0.0661, D = 0.0295). We suggest that this could be a consequence of the mixed origin of the different captive groups. Structure analysis, including all samples of the 3 groups, identified only 2 main genetic groups. However, individuals from 2 two groups were geographically mixed. Therefore, this genetic partition is evidence of the possible recent colonization of Mexico from closely related North American lineages.
The data obtained in this study are relevant for population management of the bighorn sheep in Mexico, for instance, in order to design translocation plans and management strategies to maintain genetic diversity and, consequently, the health of populations. The populations in Southern Baja California are different from the Sonoran ones, even if the differentiation is relatively low, perhaps due to the generally low levels of genetic variation of the species. Thus, it is not advisable to conduct translocations between these main areas.
Based on our results (and the recently published work cited above), we conclude that the molecular markers used in this study (ISSRs) are efficient tools to assess the genetic diversity of different mammals, including the desert bighorn sheep populations in Mexico. Our data indicate that the Mexican desert bighorn sheep populations have relatively low levels of genetic diversity and low differentiation among populations, and thus, special attention should be given to possible translocation and reintroduction programs.
Nevertheless, our genetic results should be considered with caution before being implemented in strict management or conservation strategies, as the sample sizes are still relatively small, were collected in different years, come from specific areas, and many areas are missing (in particular the northern part of the Baja California peninsula, as we were not able to secure any samples due to the extremely strict conservation and management policies of that Mexican state). In addition, the number of markers, even if relatively large, could be increased using modern next-generation methods and related analyses. Detailed analysis using next-generation molecular markers in addition to mitochondrial genes will be helpful in strengthening or disproving the described patterns and in detecting signals of local adaptation. Moreover, this kind of data will improve the knowledge of basic aspects of the biology of the bighorn sheep, such as dispersal, morphology, and ethology. In terms of hunting interests, the study of the genetic basis of horn size could be very valuable. However, the morphology of the horns is influenced not only by genetic factors but also by the environment. In fact, it has been reported that hunting pressures highly influence horn size as well as the genetic diversity of bighorn populations (Fitzsimmons et al. 1995) .
